Patients with Barth syndrome (BTHS), a rare X-linked disease, suffer from skeletal and cardiomyopathy and bouts of cyclic neutropenia. The causative gene encodes tafazzin, a transacylase, which is the major determinant of the final acyl chain composition of the mitochondrial-specific phospholipid, CL. In addition to numerous frame shift and splice-site mutations, 36 missense mutations have been associated with BTHS. Previously, we established a BTHS-mutant panel in the yeast Saccharomyces cerevisiae that successfully models 18/21 conserved pathogenic missense mutations and defined the loss-of-function mechanism associated with a subset of the mutant tafazzins. Here, we report the biochemical and cell biological characterization of the rest of the yeast BTHS-mutant panel and in so doing identify three additional modes of tafazzin dysfunction. The largest group of mutant tafazzins is catalytically null, two mutants encode hypomorphic alleles, and another two mutants are temperature sensitive. Additionally, we have expanded the defects associated with previously characterized matrix-mislocalized-mutant tafazzins to include the rapid degradation of aggregation-prone polypeptides that correctly localize to the mitochondrial IMS. In sum, our in-depth characterization of the yeast BTHS-mutant panel has identified seven functional classes of BTHS mutation.
INTRODUCTION
Cardiolipin (CL) is made and retained exclusively in the mitochondrion (1 -3) . A diverse collection of mitochondrialspecific activities are influenced by CL including bioenergetic efficiency, mitochondrial biogenesis, division and fusion of mitochondria, mitochondrial morphology and processes that integrate mitochondrial activities into a broader cellular context (reviewed in 1, 2) .
CL is a dimeric phospholipid consisting of two phosphatidic acids bridged by a central glycerol; thus, CL has four total acyl chains (3) . The biosynthesis of CL is conserved in eukaryotes and is executed by three enzymes that localize to the mitochondrial inner membrane (IM) (4 -6) . CL synthase catalyzes the final step in this cascade producing immature CL. Immature CL is not the same as mature CL. Whereas mature CL (e.g. the steady-state form) is enriched in unsaturated acyl chains that are symmetrically distributed across its chiral center, newly synthesized immature CL has a higher proportion of saturated acyl chains that are randomly attached to the molecule (7, 8) . The process of CL acyl chain remodeling involves up to three distinct pathways, one of which is evolutionarily conserved from yeast to humans and specifically affected in patients suffering from the X-linked disease Barth syndrome (BTHS) (1, 8) . BTHS, a rare childhood cardiomyopathy with cyclic neutropenia (8, 9) , is a potentially fatal disease if not diagnosed, with heart failure and opportunistic infections as major modes of patient mortality. TAFAZZIN, the BTHS gene (10) , encodes a monolysocardiolipin (MLCL) transacylase that is the major contributor to the final acyl chain composition of mature CL (11, 12) . In the absence of tafazzin activity, the steady-state abundance of CL is reduced, the remaining CL has an abnormal acyl chain composition, and MLCL (CL with only three acyl chains) accumulates (13) (14) (15) (16) (17) (18) . Tafazzin-mediated CL remodeling is initiated by a lipase, in yeast identified as CL-specific deacylase 1 (19) , which cleaves an acyl chain of CL, producing MLCL. Thus, the accumulation of MLCL in the absence of tafazzin activity results from the unimpeded initiation of CL remodeling and the subsequent inability to reacylate the remodeling intermediate, MLCL. Dysfunctional tafazzin is associated with defects in the assembly and/or function of the oxidative * To whom correspondence should be addressed at: Department of Physiology, Johns Hopkins School of Medicine, 725 N. Wolfe St., Baltimore, MD 21205-2185, USA. Tel: +1 4106141786; Fax: +1 4109550461; Email: sclaypo1@jhmi.edu phosphorylation machinery (9, (20) (21) (22) (23) (24) , an increased production of reactive oxygen species (25) and the presence of mitochondria with altered IM cristae morphology (26 -31) .
To date, genotype -phenotype correlations are not evident for the BTHS patient population. In addition to numerous frameshift and splice-site mutations, 36 missense mutations that occur throughout the tafazzin polypeptide have been associated with BTHS (1). Further complicating matters is the absence of a known tafazzin structure and most of the molecular details of tafazzin function. In an effort to better understand tafazzin at a molecular level, we previously established a BTHS-mutant panel in the yeast Saccharomyces cerevisiae that successfully models 18/21 conserved pathogenic missense mutations (14) . Moreover, our detailed characterization of a subset of these BTHS-mutant tafazzins identified three distinct loss-of-function mechanisms: submitochondrial mislocalization, altered macromolecular complex assembly and complex lability (13, 14) . Here, we report the biochemical and cell biological characterization of the remainder of the yeast BTHS-mutant panel and in the process identify three additional modes of tafazzin dysfunction: no catalytic activity, decreased catalytic activity and thermosensitivity. In addition, we expand the defects associated with the matrix-mislocalizedmutant tafazzins to include the rapid degradation of aggregation-prone polypeptides that correctly localize to membranes that line the mitochondrial intermembrane space (IMS).
RESULTS

Catalytic mutant tafazzins
Yeast tafazzin (Taz1p) normally associates with both the IM and the outer membrane (OM) always facing the IMS (13, 21, 32) . While the knowledge of many of the molecular details of Taz1p biogenesis is lacking, it is known that the import of Taz1p into mitochondria does not require a membrane potential across the IM (21) . Further, the proper targeting of Taz1p, which lacks a prototypical NH 2 -terminal sorting signal, to mitochondria is encoded by an unidentified internal sorting signal(s). As such, BTHS missense mutations could ablate an internal mitochondrial targeting signal in Taz1p resulting in an abnormal subcellular distribution. To test this hypothesis, yeast strains harboring uncharacterized BTHSmutant tafazzins were subjected to subcellular fractionation (Fig. 1) . Based on the co-fractionation of each mutant tafazzin with mitochondria (Cor2p), subcellular mislocalization is not the pathogenic mechanism for any of the tested BTHS missense mutations.
Previously, we defined the relative expression of the BTHS mutants in yeast extracts (14) . To extend these observations, we determined the expression of each BTHS mutant relative to plasmid-borne wild-type (WT) Taz1p in isolated mitochondria by quantitative immunoblotting ( Fig. 2A and B) . The expression level of the majority of the BTHS mutants was indistinguishable from Dtaz1 yeast transformed with WT Taz1p (Fig. 2B, Dtaz1 [WT] expression indicated with dashed green line). As observed in yeast extracts, several BTHS mutants are expressed at drastically reduced levels including mutants that are mislocalized to the mitochondrial matrix (V223D, V224R and I226P; (13) ) and mutants that localize and assemble normally but have accelerated rates of complex disassembly and are degraded by the mitochondrial protease, Yme1p (A88R/E, S140R, and L148H; (14) ).
In the initial characterization of the yeast BTHS-mutant panel, the functionality of a mutant polypeptide was inferred by its ability to rescue the CL and MLCL levels in a strain lacking endogenous tafazzin (Dtaz1). Based on this analysis, it was concluded that 18/21 BTHS-mutant tafazzins are dysfunctional (14) . To directly determine the transacylase activity of each BTHS-mutant tafazzin, two transacylation reactions were performed employing two distinct substrates:
14 C-lyso- (Fig. 2D ). Tafazzin is a transacylase that normally utilizes phosphatidylcholine (PC) or phosphatidylethanolamine (PE) as the acyl donor to reacylate MLCL (12) . However, as transacylases lack inherent directionality, tafazzin can also catalyze the reverse reaction using CL (or another phospholipid) as the acyl chain donor to reacylate lyso-PC/PE. Regardless of the lyso-lipid substrate, the overexpression of WT Taz1p relative to endogenous Taz1p (Fig. 2B, Fig. 2C and D , compare green and red lines). In contrast, the vast majority of BTHS-mutant tafazzins completely lacked any detectable transacylase activity above background (Dtaz1[VA]; Dtaz1 transformed with vector alone). Most of these inactive mutants, including H77Q, S79P, R102C, R102S, F112V, A118P, G124D, Y187I and V192G (highlighted in green), were expressed at WT levels ( Fig. 2A and B) and localized correctly to membranes lining the IMS (Fig. 2E) . Finally, each mutant formed normal Taz1p complexes as determined by blue native-polyacrylamide gel electrophoresis indicating that the quaternary structure of each mutant polypeptide was similar to WT Taz1p (Fig. 2F ). As such, these mutants specifically inactivate tafazzin transacylase activity and are classified as catalytically null. Notably, H77 in the HX 4 D motif, a conserved structural motif in acyltransferases, is one of these catalytically dead mutants.
Two BTHS mutants are notable because they retained some residual catalytic activity (highlighted in brown). The L90P mutant had significant activity with lyso-PC as substrate ( Fig. 2C ) and some, albeit not significant, activity in the MLCL CL transacylation reaction (Fig. 2D) . Interestingly, whereas the N109V BTHS mutant had no detectable activity using lyso-PC as substrate, it had measurable MLCL CL transacylase activity (P ¼ 0.036 relative to Dtaz1[VA]). The mitochondrial expression ( Fig. 2A and B) , localization ( Fig. 2E ) and assembly ( Fig. 2F ) of both of the mutants were the same as WT Taz1p. Thus, these mutations appear to encode hypomorphic alleles. Finally, based on its low expression, absent activity with either lyso-lipid substrate, and normal submitochondrial localization and assembly, the Q125E mutation destabilizes and inactivates the mutant polypeptide.
BTHS mutants with combined biochemical defects
Based on submitochondrial localization studies, three BTHS mutations that occur in the middle of an unusual membrane anchor of Taz1p inactivate a stop-transfer signal resulting in their misincorporation into the mitochondrial matrix (13) . Each of these mutants, V223D, V224R and I226P, is expressed at significantly lower levels than WT Taz1p. To test the possibility that these mutants are actively degraded, each of these mutants was expressed in the presence and absence of three IM proteases implicated in mitochondrial quality control: Oma1p, the m-AAA protease, and the i-AAA protease (Fig. 3A) (33, 34) . The m-AAA protease is a hetero-oligomer of Yta10p and Yta12p, and the i-AAA protease is a homomultimer of Yme1p. WT Taz1p expression was not changed by the presence or absence of any of these proteases. As previously shown (14) , the expression of the L148H mutant, which is localized correctly to the IMS and assembles in complexes that are intrinsically unstable, is restored in the absence of Yme1p. Based on their mislocalization to the mitochondrial matrix (13), we hypothesized that deletion of the m-AAA protease, whose active site faces the matrix, would recover the expression of the V223D, V224R and I226P mutants. Surprisingly, while there was a modest increase in the expression of each of these mutants in the absence of Yta12p, there was a proportionately greater increase in the absence of the i-AAA protease (Fig. 3A) .
As the active site of the i-AAA protease is on the IMS side of the IM, this result suggests that some fraction of the mutant polypeptides do, in fact, properly localize to the IMS side of the IM where they are actively degraded by Yme1p. To explore this possibility, the submitochondrial localization of WT, V223D, V224R and I226P was compared in the presence and absence of the i-AAA protease (Fig. 3B) . WT Taz1p localized to IMS-facing leaflets (sensitive to added protease upon rupturing the OM; mitoplasts) regardless of the presence or absence of Yme1p. As shown previously, in the presence of Yme1p, the V223D, V224R and I226P mutants were only degraded by added proteinase K upon the inclusion of TX-100, consistent with their mislocalization to the mitochondrial matrix. In contrast, a significant proportion of each mutant polypeptide was degraded by proteinase K upon rupturing the OM when expressed in the absence of the i-AAA protease indicating that indeed, some fraction of each of these mutants is properly sorted to the IMS and degraded by Yme1p. Thus, Yme1p-mediated proteolysis masked the fact that some proportion of the V223D, V224R and I226P mutants was properly sorted to the IMS side of the IM.
To ascertain whether these mutants have a folding/assembly defect, a detergent-based aggregation protocol was performed ( Fig. 3C and D) . In this assay, protein aggregates are resistant to TX-100 solubilization (P2). WT Taz1p was almost completely extracted by digitonin in the presence or absence of Yme1p. In contrast, the known aggregation-prone mutant, L148H, showed some resistance to TX-100 solubilization in the presence of Yme1p; the fraction of L148H that was solubilized by digitonin was significantly less in the absence of Yme1p than in its presence and there was proportionately more L148H enriched in TX-100-resistant aggregates. This trend was recapitulated with the V223D, V224R and I226P mutants in both the presence and absence of the i-AAA protease. In the absence of Yme1p, each mutant was less well extracted by both digitonin and TX-100, indicating that in the absence of the i-AAA protease, the V223D, V224R and I226P-mutant polypeptides that reside on the IMS side of the IM have a tendency to form TX-100 insoluble aggregates.
In spite of its intrinsic lability, the expression of the L148H mutant in the absence of Yme1p was shown to partially restore the steady-state levels of CL and MLCL as well as the acyl chain composition of CL (14) . A more sensitive measure of Taz1p activity is the MLCL:CL ratio (higher in the absence of tafazzin function) (16) . The MLCL:CL ratio of mitochondria harboring WT Taz1p was worsened by the absence of Yme1p, whereas this ratio was improved for mitochondria expressing the L148H BTHS mutant specifically in the absence of the i-AAA protease. For the V223D, V224R and I226P mutants, the MLCL:CL ratio was not changed or only 
modestly altered upon deletion of the i-AAA protease, suggesting that they are nonfunctional independent of their expression levels and/or submitochondrial distribution. To formally test this, the MLCL CL assay was performed ( Fig. 3F and G) . Consistent with the recovered acyl chain composition of CL and the steady-state abundance of CL and MLCL, the L148H mutant had significantly more transacylase activity when expressed in the absence of Yme1p. Thus, for this mutant, the increased expression that occurs in the absence of Yme1p is directly correlated with more tafazzin activity. For the V223D and I226P mutants, there was no change in their low transacylase activity when their expression levels were partially restored in the absence of the i-AAA protease. These mutants are, therefore, nonfunctional independent of their expression levels and/or submitochondrial localization. In contrast, the V224R mutant displayed a trend towards increased transacylase activity in the absence of Yme1p, indicating that this particular mutant may retain some catalytic potential. Interestingly, the transacylase activity of WT Taz1p was significantly less in the absence of the i-AAA protease than in its presence. Moreover, a slight and yet significant increase in WT Taz1p was detected in TX-100-resistant aggregates in the absence of the i-AAA protease (Fig. 3D ). When combined with our previous determination that the import of WT Taz1p is more efficient in the absence of Yme1p than in its presence (14) , these results suggest that the i-AAA protease is a major player in monitoring and enforcing tafazzin quality control.
Thermosensitive BTHS mutants
Three mutants, N48D, K65L and G261R, are functionally and biochemically indistinguishable from WT Taz1p when analyzed at 308C (Fig. 2) . To determine whether any or all of these mutants are temperature sensitive, their expression was compared in yeast grown at 30 or 378C (Fig. 4A) . Indeed, the expression of the N48D, K65L and G261R mutants was decreased by 30, 30, and 80%, respectively, at 378C relative to 308C. Further, a combined K65L/G261R mutant was even more thermolabile with ,5% detected at 378C compared with that at 308C.
Next, the relative abundance of CL and MLCL, and the derived MLCL:CL ratio were determined at 308C and 378C ( Fig. 4B and C) . Importantly, for Dtaz1 yeast rescued with K65L, G261R or K65L/G261R, the drop in expression at 378C correlated with the development of an abnormal MLCL:CL ratio (Fig. 4C) . Moreover, for both the G261R and K65L/G261R mutants, the MLCL:CL ratio was significantly greater at both temperatures compared with WT. As virtually nothing is known about the half-life of CL or MLCL, the relatively modest change in the MLCL:CL ratio at 378C compared with the drastic effect on mutant Taz1p abundance (Fig. 4A) suggests that the turnover of CL is slower than that of the mutant polypeptides.
The kinetics of tafazzin heat inactivation were determined by pre-incubating mitochondria at 308C for 10 min or 378C for 2.5, 5, or 10 min prior to initiating the transacylase reaction, performed at 308C (Fig. 4D) . The pre-incubation of WT Taz1p at 378C resulted in a time-dependent drop in transacylase activity with only 45% of the initial activity (48C samples) remaining after 10 min. For the K65L mutant, the rate of transacylase decay upon 378C pre-incubation was faster and greater than for WT Taz1p. Pre-incubation at 378C for just 2.5 min caused an 80 -90% drop in the maximal activity of the G261R and K65L/G261R mutants. Moreover, a 10 min pre-incubation at 308C resulted in a 60-70% reduction in their associated activity. Importantly, for WT and mutants alike, the decay in activity was not paralleled by any reduction in the levels of Taz1p polypeptide (Fig. 4E) . Altogether, these results indicate that for the K65L, G261R and K65L/G261R mutants, the loss of transacylase activity precedes the decrease in steady-state polypeptide levels which occurs prior to major changes in the MLCL:CL ratio. Thus, the K65L and G261R mutants are temperature sensitive.
DISCUSSION
While the biological function of tafazzin as a transacylase with a central role in the process of CL acyl chain remodeling is firmly established, the molecular details of how it executes this function are lacking. Moreover, there is currently no published structure of tafazzin from any species. To begin to fill this void, we established a BTHS-mutant tafazzin panel in which every pathogenic mutation occurring at conserved residues between the human and yeast orthologs was individually modeled in yeast Taz1p (14) . Yeast was chosen as the model because CL biosynthesis and tafazzin-mediated acyl chain remodeling are conserved from yeast to humans and the cell biology of endogenous WT tafazzin has been defined (13) . In contrast, nothing is currently known about the basic cell biology and biochemistry of human tafazzin as expressed endogenously and a cell culture model that recapitulates the basic biochemical parameters of tafazzin deficiency (e.g. decreased CL and increased MLCL) has not been described. Thus, at present, yeast is the best model to define the pathogenic mechanism of mutant alleles. Through our in-depth characterization of the BTHS panel, we have defined the loss-of-function mechanism of each pathogenic mutation, information that has provided potential therapeutic strategies, may aid in the recognition of genotype -phenotype correlations for BTHS patients, and forms the basis for future structure -function studies based on a homology model of tafazzin.
In all, we have defined seven functional classes of BTHS mutation (Fig. 5A) . Class 1 mutations, numerically the largest class, include the numerous frameshift and splice-site mutations that result in the production of little or no functional tafazzin. Class 2 mutations were originally thought to be only mistargeted to the mitochondrial matrix (13) ; however, we demonstrated here that these mutants have pleiotropic biochemical defects. Specifically, the V223D, V224R and I226P mutants display low-fidelity sorting to the mitochondrial IMS with some mutant polypeptides mistargeted to the mitochondrial matrix, as originally annotated. A significant CL activities were determined (mean + SEM, n ¼ 4) and significant differences are indicated.
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fraction of each mutant polypeptide is localized correctly to the IMS but has a tendency to form detergent-resistant aggregates that are degraded by the i-AAA protease. Class 3 mutations specifically impact the macromolecular assembly of Taz1p; G230R is the only documented BTHS mutation in this class (13) . Class 4 mutations result in a catalytically inactive protein that is otherwise normal (expression, localization and assembly); the majority of missense BTHS mutations are class 4 mutants. BTHS mutations that are biochemically normal and retain residual transacylase activity are class 5 mutants. So far, only two mutations, L90P and N109V, encode such hypomorphic alleles. Class 6 mutants localize to and within mitochondria as expected, but they are degraded by the i-AAA component of the mitochondrial quality control apparatus due to folding and assembly defects that shift the equilibrium of the mutant polypeptides towards disassembly (14) . Interestingly, two class 6 mutants, A88R and L148H, retain significant transacylase activity when their expression is restored in the absence of the i-AAA protease, suggesting that small molecules that stabilize these mutant polypeptides and prevent their degradation may be a viable therapeutic strategy. Finally, class 7 mutants are temperature sensitive. For class 7 mutants, activity loss precedes the degradation of the mutant polypeptide; changes in the steady-state phospholipid profile occur with delayed kinetics presumably reflecting, at least in part, the half-life of mature CL. In total, 20 of 21 BTHS mutations are dysfunctional when modeled in yeast Taz1p. Still, it is reasonable to ask whether the defined loss-of-function mechanisms in the yeast panel are conserved with equivalent mutations in human tafazzin in the mammalian setting. While the answer to this question requires direct testing in an appropriate mammalian model, perhaps the best evidence for the accuracy of the yeast BTHS-mutant panel is provided by the one mutation, N48D, which according to every tested parameter behaves exactly like WT Taz1p. Interestingly, two brothers harboring the corresponding mutation, N40D, suffered from cardiomyopathy in infancy (A. Bowron and C. Steward, personal communication). They had 3-methylglutaconic aciduria, which lead to their formal BTHS diagnosis. However, their clinical course has been comparatively mild, and neutropenic episodes have never been documented. Moreover, these two boys have CL levels within the normal range. Still, their MLCL levels were comparable with those of other BTHS patients which resulted in a modestly altered MLCL:CL ratio. Thus, the absence of any discernible defect in the yeast N48D mutant is consistent with human patients harboring the equivalent mutation. As tafazzin can modify more than just CL (12), the observations with the N48D/N40D mutant tafazzins may potentially uncover novel conserved activities of tafazzin independent of CL metabolism.
Tafazzin belongs to a protein superfamily that includes acyltransferases which utilize glycerolphosphate derivatives as substrates, although tafazzins form a distinct subgroup within this superfamily (8, 35) . Thus, the Phyre server (36) was used to generate a homology model of Taz1p using the squash glycerol-3-phosphate acyltransferase (PDBID:1iuq) as a template (Fig. 5B) . When the class 4 (catalytically inactive) mutants were mapped on the homology model (Fig. 5C ), four residues (H77, S79, Y187 and V192) faced the predicted catalytic pocket. Thus, mutating these residues is expected to either directly inhibit catalysis or prevent substrate binding. The remaining class 4 mutants cluster relatively close to each other, but are not immediately adjacent to the predicted catalytic pocket; therefore, mutations in these residues may affect substrate binding, but they are unlikely to directly affect catalysis. Future structure -function studies based on this tentative structural model are expected to provide significant molecular insights into tafazzin function. 4 Cl, pH 5.5) was sedimented, the supernatant sterilely aspirated and the yeast pellet resuspended in SInC medium (0.17% yeast nitrogen base minus amino acids and ammonium sulfate, 0.5% ammonium sulfate, 0.2% dropout mix synthetic) at 5 OD 600 's/ml. 5 mCi/ml 14 C-acetic acid sodium salt (PerkinElmer Life Sciences) was added and the yeast was incubated at 308C for 6 h shaking at 300 RPM. Isolation of mitochondria and phospholipid extraction was as described (13) . Phospholipids were resuspended in 93 ml chloroform and 10 aliquots spotted onto a Soft Layer Silica Gel GF TLC plate (Alltech) pretreated with 1.8% boric acid in ethanol. One hundred micrograms of bovine CL and PE (Sigma) were loaded as migration standards. Following resolution in chloroform:ethanol:water:triethylamine (30:35:7:35), phospholipids were imaged using the ethidium bromide setting of a Pharos Imager (Bio-Rad Laboratories) and CL, MLCL, and PC were recovered post-scraping. Dried down lipids were resuspended in chloroform and stored at 2208C. Phosphate quantification was performed as described (37) and the amount of 14 C-incorporation determined by liquid scintillation.
MATERIALS AND METHODS
Generating
Transacylation assays
The transacylase assays were performed as previously described (12) Following addition of 0.2 ml reaction buffer (10 mM 2-mercaptoethanol, 0.5 mM EDTA, 50 mM Tris, pH 7.4) and incubation at 308C for at least 1 h, the reactions were sonicated in a water bath sonicator for 1 min. CHAPs (8 mM) were also included in the MLCL CL reaction buffer. Reactions were initiated by adding mitochondria (25 -50 mg with the exact amount determined in parallel by the BCA assay) followed by a 1 second vortex on high. In some experiments, mitochondria (5 -10 mg/ml) was incubated in pre-warmed SEH buffer (250 mM sucrose, 5 mM EDTA, 10 mM HEPES pH7.4) at the indicated temperature for the designated time prior to beginning the transacylase reactions. The reaction mixture was incubated at 308C for 5 (lyso-PC PC) to 30 (MLCL CL) min shaking at 490 Human Molecular Genetics, 2013, Vol. 22, No. 3 220 rpm and stopped by the addition of 1 ml methanol. Lipids were extracted with 2 ml of chloroform, phase separation initiated with 0.6 ml of 0.9% NaCl and lower organic phases washed with 0.5 ml of 1:1 methanol:ddH 2 O. The organic phases were collected and dried down under streams of N 2 . Phospholipids were separated on silica gel 60 plates with the solvent chloroform:methanol:water (65:25:4). Labeled phospholipids were revealed using a K-screen and Pharos Imager (Bio-Rad Laboratories), quantitation was executed using the affiliated Quantity One software and statistical analyses performed using SigmaPlot 11.
Antibodies
Most of the antibodies used in this work were generated in the Schatz or Koehler laboratories and have been described previously. Antibodies were raised in rabbits using His 6 Pic1 as antigen. In brief, the entire open reading frame of MIR1 was cloned into the pET28a vector (Novagen), downstream of the His 6 tag, induced in BL21-CodonPlus(DE3)-RIL Escherichia coli and purified using Ni 2+ agarose (Qiagen). Other antibodies used were mouse anti-Sec62p (kind gift of Dr David Meyers, University of California, Los Angeles, USA), mouse anti-yAAC2 (clone 6H8; (38) ) and horseradish peroxidase-conjugated (Figs. 1, 2E and F, 3B, 4A; Supplementary Material, Figs. S1 and S2) or fluorescent-conjugated ( Fig. 2A, 3A , C, F and 4E) secondary antibodies (Pierce).
Miscellaneous
The yeast BTHS-mutant tafazzin panel has been described (14) . Isolation of mitochondria, subcellular fractionation, preparation of yeast cell extracts, submitochondrial localization, 2D BN/sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), phospholipid analyses, detergent-based aggregation and immunoblotting were performed as previously described (13, 14, 22) . The Taz1p model was generated using the Phyre server (36) .
